Influences of accommodation and myopia on the foveal Stiles-Crawford effect by Singh, Nisha et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
QUT Digital Repository:  
http://eprints.qut.edu.au/ 
Singh, Nisha and Atchison, David A. and Kasthurirangan, Sanjeev and Guo, 
Huanqing (2009) Influences of accommodation and myopia on the foveal Stiles-
Crawford effect. Journal of Modern Optics, 56(20). pp. 2217-2230. 
 
          © Copyright 2009 Taylor & Francis 
1 
Influences of accommodation and myopia on the foveal Stiles-Crawford 
effect 
Nisha Singh, David A. Atchison*, Sanjeev Kasthurirangan and Huanqing Guo 
Visual and Ophthalmic Optics Group, School of Optometry and Institute of Health & 
Biomedical Innovation, Queensland University of Technology, 60 Musk Avenue, Kelvin 
Grove, Qld, 4059, Australia 
* Corresponding author   email address d.atchison@qut.edu.au 
 
Abstract 
 
We determined the foveal Stiles-Crawford Effect as a function of up to 8 D accommodation 
stimulus in 6 young emmetropes and 6 young myopes using a psychophysical two-channel 
Maxwellian system in which the threshold luminance increment of a 1mm spot entering 
through variable positions in the pupil was determined against a background formed by a 4 
mm spot entering the pupil centrally. The SCE became steeper in both groups with increasing 
accommodation stimulus, but with no systematic shift of the peak. Combining the data of 
both groups gave significant increases in directionality of 15-20 % in horizontal and vertical 
pupil meridians with 6 D of accommodation. However, additional experiments indicated that 
much of this was an artefact of higher order aberrations and accommodative lag. Thus, there 
appears to be little changes in orientation or directionality in the SCE with accommodation 
stimulus levels up to 6 D, but it is possible that changes may occur at very high 
accommodation levels. 
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1. Introduction 
 
The brightness of light changes with its entry location in the pupil of the human eye, with the 
light entering through the periphery appearing less bright than light passing through the 
centre. This differential light sensitivity is called the Stiles-Crawford effect of the first kind, 
and is named after its discoverers [1]. The photoreceptors, in particular the cones, act as fibre 
optics by capturing light directed along or near their axes more efficiently than light directed 
at larger angles.  The differential sensitivity depends upon the tuning characteristics of 
individual photoreceptors and the relative alignments within a population of photoreceptors. 
While the Stiles-Crawford effect may have minor influence on visual performance by 
ameliorating the influence of defocus and aberrations on visual performance [2-4], its main 
value to the visual system may be by minimizing the capture of stray light. 
The Stiles-Crawford effect has been investigated in several psychophysical, objective 
and theoretical investigations. It is usually fitted to Gaussian functions  
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where η is luminous sensitivity at pupil-entry location (x, y), ηmax is the maximum luminous 
sensitivity at peak location (xmax, ymax), and ρx and ρy are directionalities in x- and y-
directions. As measured by large-scale studies with normal populations, for central vision 
and photopic conditions the directionality is 0.12±0.03 mm-2 in both x- and y-directions and 
the peak location is (+0.4±0.7 mm, +0.2±0.7 mm) with respect to the pupil centre or to the 1st 
Purkinje image [5, 6]. Here positive values indicate nasal and superior locations relative to 
the reference position. Objective estimates involving sampling of light reflected by the 
fundus out of the eye have similar peak locations and typically twice the directionality of 
psychophysical measurements [7-10]. 
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Variables affecting the Stiles-Crawford effect include luminance [11-13], wavelength 
[11, 14], and retinal eccentricity [15-17]. Choi, Garner & Enoch [17] reported that 
emmetropes have greater directionality than myopes between 10° nasal and 15° temporal 
retina.  
Retinal tractional forces may influence photoreceptor alignment. Retinal trauma and 
pathologies affecting the outer retina such as retinitis pigmentosa, retinal detachment, 
macular oedema, age-related maculopathy and Best’s disease can cause reduction in 
directionality and shift in peak location of the SCE of more than one mm [6, 18-20]. 
Accommodation may affect photoreceptor alignment due to a shearing effect between the 
receptors and pigment epithelium or between the retina and the choroid caused by retinal 
stretching during high accommodation. Blank & Enoch [21] used a monocular bisection 
technique to demonstrate that marked accommodation induces substantial distortions in 
monocular space perception in the horizontal meridian, suggesting horizontal retinal 
stretching. Hollins [22] used a Maxwellian view apparatus to show that the central region of 
the retina stretches by approximately 4.5 % during high (9D) accommodation demand. 
Blank, Provine & Enoch [23]  measured the foveal SCE peak location for a zero 
accommodation stimulus and a high accommodation (9D) stimulus in three subjects. With 
increase in the accommodation stimulus, the peak of the SCE shifted between 0.5 mm to 1.5 
mm nasally, but shifted little vertically.  
 Any stretching taking place during accommodation may be exacerbated by myopic 
growth, as stretching of the retina is likely to take place during vitreous chamber elongation 
[24]. Fluctuations in photoreceptor alignment have been demonstrated in eyes with elongated 
axial lengths, whether myopic or emmetropic, by repeatedly testing three retinal locations 
(the fovea, and 22° and 27° in the nasal retina) over a period of time [25], with the authors 
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suggesting that the cause of these were mechanical forces originating near the optic nerve 
head in long eyes. 
No study has evaluated changes in SCE directionality with accommodation, either for 
emmetropes or myopes, and the research reported here seeks to understand the influence of 
accommodation on the SCE in emmetropic and myopic subjects. 
 
2. Methods 
 
This section covers in detail the methods used for the study of the Stiles-Crawford Effect 
(SCE). Subsection 2.1 describes the subjects and correction during the main experiment, 2.2 
describes the main experimental system, 2.3 describes the accommodation calibration 
method, and subsection 2.4 covers the experimental procedures. Subsection 2.5 explains an 
alternative method of determining the peak location of the SCE, and which was used for the 
emmetropic subjects. We had concerns about how defocus, such as produced by lags or leads 
of accommodation, and higher order aberrations might influences results. Accordingly 
subsection 2.6 describes measurement of aberrations for the emmetropic subjects, and 
subsection 2.7 describes a set of investigations on one subject exploring the influences of 
defocus and aberrations; the results arising from the subsequent experiments are used in the 
interpretation of our main results. 
This study followed the tenets of the Declaration of Helsinki and received ethical 
clearance from the Queensland University of Technology’s Human Research Ethics 
Committee.  
 
2.1 Subjects 
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Twelve subjects (6 emmetropes and 6 myopes) with normal visual acuity, oculomotor 
functions and good ocular and general health took part in the study. The subjects ranged in 
age from 18-27 years old (mean ± SD: 23 ± 3 years). An additional 52 year old, 2.25 D 
myopic subject was used for pilot investigations. Subjects were students and staff of the 
Queensland University of Technology.  
For the emmetropic group, the refractive errors of right eyes were within ± 0.50 D 
with little astigmatism (< 0.75 D). For the myopic group, mean sphere corrections of right 
eyes ranged from -2.00 DS to -6.50 DS (mean: -4.96 D ± 1.54 D) and astigmatism ranged 
from -0.25 DC to -2.25 DC. Subjective amplitude of accommodation measured with a push-
up method using a near visual acuity chart (N8 font) and a hand-held Badal optometer ranged 
from 7 D to 12 D.  
The SCE apparatus could correct refractive errors only up to -11 D by adjusting the 
position of fixation target that was also used for the accommodative stimulus. This restricted 
the range of accommodation that could be stimulated for myopes. Accordingly, spherical 
refractions of all myopic subjects were corrected with spherical soft contact lenses 
(CIBAVISION’s Freshlook UV). Beyond 5 D myopic correction the optic zone diameter of 
the lens series reduced below 9 mm. Because it was important to have as large an effective 
pupil size as possible, three subjects with myopia greater than 5 D were corrected with 
contact lenses of less than (-)5 D power and the remaining refractive error was corrected in 
the SCE apparatus. Two myopes had astigmatism > 0.75 DC, which was corrected by placing 
cylindrical trial lenses in the optical system at a location conjugate with the eye’s pupil. 
 
2.2 Main experimental system 
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The SCE was measured with a two-channel Maxwellian view system to image two light 
sources at the plane of the entrance pupil (Figure 1a). This set up was similar to our previous 
systems eg Atchison & Scott [2] .  
Sources S1 and S2 were the red channels of diffuse light-emitting diodes (Kingbright 
LF593MBGMBW, dominant wavelength for a range of standard illuminants approximately 
620 nm). Beam splitter BS1 combined the channels. The reference source S1 providing a 
steady background was imaged in the plane of the entrance pupil by an achromatic 
collimating lens L1, a pair of achromatic relay lenses L3 and L4, and achromatic Badal lens 
L5. The circular field stop A1 defined the angular subtense (7°) of the background field 
(Figure 1a, inset A). The aperture contained a cross-hair to aid fixation. In previous 
investigations, S1 was limited by a 1 mm diameter aperture, but the accommodative response 
was poor or variable here because of large depth-of-focus, so we used a 4 mm aperture which 
provided more accurate responses. Using an auxiliary light source, comparison matches by 
three subjects indicated an effective luminance of 11 cd/m2.  
The 1 mm diameter light source S2 was imaged in the plane of the entrance pupil by 
lenses L2-L5. The 1 mm circular field stop A2 defined the angular subtense (0.6°) of the test 
field (Figure 1a, inset A). To the subject, the test field appeared superimposed centrally on 
the background field (Figure 1a, inset B).  
S2 was electronically square-wave flickered at 2 Hz. The illuminance control was a 
200 Hz pulse width modulation output gated with the 2 MHz HCII E clock of a computer, 
giving bursts of 250 ns pulses every 5 ms, with the illuminance being varied by the number 
of these pulses over a 4-log-unit luminance range. The subject had a control box with a 
rotating knob to adjust light intensity in 0.05 ln unit steps. The position of S2 was changed 
with stepper motors under computer control along horizontal and vertical meridians. Any 
deviation of the test field from its central location in the background, due to optical 
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aberrations or residual defocus of the subject’s eye, was corrected by adjusting A2 
horizontally and vertically. Preliminary studies indicated that source directionality, combined 
with effects of adjusting A2, had negligible effects on source luminance and brightness 
thresholds. 
The subject’s head position was fixed with a bite bar mounted on a XYZ movement 
controller. An alignment ring containing eight evenly spaced infrared light emitting diodes 
illuminated the eye.  Beamsplitter BS2 and front surface mirror M1 provide a magnified view 
of the eye and the illumination ring on a monitor Mo via video-camera VC (Sony CCD-IRIS 
Black & White). Alignment was achieved by moving the subject’s head to maintain the first 
Purkinje image (anterior corneal reflection) in focus and in the centre of a reticule on the 
monitor. The first Purkinje image was used as a reference, rather than the geometric centre of 
the entrance pupil as in our previous work, because its position was not affected by changes 
in pupil size and shape due to accommodation and pharmacological dilation.  
Accommodation stimulus was provided by an optical trombone consisting of prism 
pairs M2/M5 and M3/M4. 
 
2.3 Accommodation calibration 
 
A video photorefractor, the PowerRef II (PlusOptix, Nürnberg, Germany), was used to 
measure accommodation of the test eye while the subject fixated at the centre of the cross 
hair target in the reference channel. The PowerRef II was aligned to the eye via hot mirror H 
(Figure 1a) that could be flipped into place for accommodation measurements between SCE 
measurements. 
For calibration of the PowerRef II with each subject, an additional Badal lens system 
was set-up adjacent to the SCE apparatus to provide a distant target stimulus to the left eye 
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(Figure 2). The system contained a black on white target illuminated by a white LED, whose 
image was at infinity when it was positioned 20 cm from the +5 D Badal lens. This set-up 
was placed on a mechanical stage to move in XYZ directions. With the right eye occluded, 
the subject viewed the target with the left eye and directed the examiner to move the target to 
be in the middle of the Badal lens field. For myopes, contact lenses were placed on the left 
eye to enable them to see the fixation target clearly. Both eyes were uncovered to perform the 
calibration procedure. Ophthalmic trial lenses from +6 to -4 D in 1 D steps were placed in a 
lens holder in front of the right eye while the right eye looked straight into the SCE 
apparatus. Both light sources were turned off and stray light shielded from the right eye to 
eliminate any stimulus for accommodation to the right eye. The induced refractive error 
created by the trial lens was plotted against PowerRef II measured refraction, and a linear 
equation was fitted to the data for each subject to obtain a function of induced refraction 
versus PowerRef II measured refraction [26].  
 
 
2.4 Procedures 
 
Each subject’s right eye was dilated with 2.5 % phenylephrine eye drop 35 - 40 minutes 
before the experiment. For subjects with dark irides, 0.4 % Benoxinate was also used prior to 
phenylephrine to facilitate rapid penetration and longer action of the drug. Contact lenses 
were then inserted for myopic subjects. Additional drops of 2.5% phenylephrine were 
instilled if the pupil size was less than 7 mm (pupil size was monitored during the experiment 
to ensure it remained greater than 7 mm). 
The subject was asked to maintain clear fixation at the centre of the cross hair of the 
background target. At each pupil-entry location the subjects’ task was to increase the 
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luminance of the test spot (if necessary) using the control box until the spot was easily seen, 
slowly reduce its luminance until it just disappeared into the background (descending method 
of adjustment) and to push the indicating button.  
For all but one subject, the pupil was sampled across 25 positions in 0.50 mm steps 
with 13 points each along horizontal and vertical meridians. At each position, 3 
measurements were taken. Preliminary experiments showed that 0.50 mm sampling gave 
similar SCE fits as did 0.25 mm sampling. For emmetropic subject NS, the pupil was 
sampled over 49 points in a grid fashion in 0.75 mm intervals across a 6 mm pupil. The test 
spot was driven in a sequence from nasal to temporal side in the horizontal meridian and 
superior to inferior direction in the vertical meridian across the pupil. A randomized manner 
of pupil sampling would have been preferable to decrease any bias associated with sequential 
sampling, but the stepper motor could not be moved quickly enough to achieve this.  
The SCE was measured for all subjects for 0, 2, 4 and 6 D accommodative stimuli, 
and for 8 D stimulus for 2 subjects with accurate accommodation to this level. Two runs 
were done for each accommodative stimulus, with the first run in the order as 0, 4, 2 and 6 D 
followed by the second run in the same order. The runs were performed over a few days, 
with at least two runs performed in a day.  
Continuous measurement of accommodation during the experiment in this study was 
not possible because the hot mirror blocked infrared light from the LED alignment ring and 
thus obstructed the view of a subject’s pupil in the monitor. Accommodation was measured 
at regular intervals (after every fourth pupil entry position) during each run by temporarily 
inserting the hot mirror in front of the subject’s eye quickly to minimally interfere with the 
subject’s accommodation. The mean of the measurements (usually 8 measurements) was 
taken as the accommodative response for a particular run.  
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To confirm that accommodative responses were not influenced by the SCE task, 
accommodation stimulus-response functions were measured in the same apparatus, 
separately from the main experiment. Stimuli for accommodation were provided by moving 
the optical trombone from 0 to 9 D positions in 1 D steps. Stimuli were presented in a 
random order to avoid bias in the responses. Subjects were instructed to maintain clarity of 
the target at all times. No systematic differences in accommodative response measured 
during SCE experiments and when measured separately were seen. 
SCE parameters were obtained by plotting the threshold (ln units) against pupil entry 
locations and by fitting equation 1 or its one dimensional equivalent using the scientific 
program MATLAB. Some test runs were repeated if the R2 adjusted fit was < 0.80 or if 
standard deviations were > 0.25 ln units for more than 3 points. 
The SCE fits are reported mainly for 6 mm pupils, but they were determined also 
using 5 mm pupils. For two dimensional measurements this meant disregarding 12 of 49 
points, and for one-dimensional measurements this meant disregarding 4 points (only 2 for 
subject DAA in section 2.7 when only the horizontal pupil meridian was assessed). 
 
2.5 Peak for emmetropes as a function of accommodation 
 
To supplement the main experiment as described in subsections 2.2 and 2.4, we found the 
peak location of the SCE using a faster method similar to that described by Blank et al. [23]. 
The main apparatus was modified (Figure 1b). Two round apertures of 0.30 mm diameter 
separated by 2 mm replaced the 1 mm aperture of source S2 in the test channel. The apertures 
were covered by linearly polarized filters oriented at 90° to each other. Aperture A2 of the 
test channel was replaced by two oval apertures each measuring 4 mm x 3 mm and separated 
by 1 mm. These apertures formed the target. The apertures were covered by linearly 
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polarized filters oriented at right angles to each other. The target and the light source 
apertures could be oriented horizontally or vertically, but in order to investigate the peak 
along the horizontal meridian only, the apertures of the light source were displaced 
horizontally and the apertures of the target were displaced vertically. The background target 
at A1 served as an accommodating and fixation target. In this arrangement, one light source 
aperture was viewed through one part of the target and the other light source aperture was 
viewed through the other half of the target. The two halves of the target appeared equally 
bright when the two light source apertures were equally displaced about the position 
corresponding to the SCE pupil peak location. 
Subjects were five emmetropes from the main experiment. Subjects’ right eyes were 
dilated with a 2.5 % phenylephrine eye drop 35-40 minutes before the experiment. Eye 
alignment was maintained as described previously. One experimenter translated light source 
S2 slowly from one side to the other while another experimenter maintained eye alignment 
and recorded results. Subjects fixated at the centre of the two apertures of the target (Figure 
1b). The subject’s task was to indicate when both apertures appeared equally bright. The first 
experimenter approached this position in both directions to counteract subject bias in 
judgement. 
For two subjects EM and NS, 6 sets of measurements were done for each of 0 D and 
6 D accommodation stimuli (one set comprising single approaches from both directions). For 
the other subjects (AGK, AM and ST), 12 sets of measurements for each of 0 D and 6 D 
were done in a sequence that began with 6 sets for 0 D stimuli followed by 6 sets for 6 D 
stimuli, followed by a 5 min break and then by 6 sets for 6 D stimuli and 6 sets for 0 D 
stimuli. The average peak locations obtained from both directions were themselves averaged. 
The standard deviations were determined for the 12 sets or 6 sets (EM, NS) for each 
accommodation stimulus.  
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2.6 Aberration measurements for emmetropes as a function of accommodation 
 
We determined ocular aberrations for the right eyes of the 6 emmetropes with the Complete 
Ophthalmic Analysis System-HD (COAS-HD, Wavefront Sciences, Inc., Albuquerque, NM, 
USA), which uses the Hartmann-Shack principle [27].  
The COAS-HD instrument performs a “fogging” of the circular grid fixation target 
during measurements to encourage relaxation of accommodation, but this automatic process 
can be over-ridden. A calibration procedure was performed to set the fixation target to 
correspond to different accommodation stimuli. This involved two observers and a telescope 
focused at infinity for each observer. The telescope was placed in front of the COAS-HD so 
that its objective was at the usual eye position. Ophthalmic trial lenses (-6 D to +8 D in 1 D 
interval) were placed in front of the objective lens of the telescope while the observers 
looked through the telescope at the fixation target. The observer moved the target (precision 
0.1 D) until it was in focus for each trial lens.  The observers’ settings were averaged. A 
quadratic regression of mean target position T (D) on accommodation stimulus AS (with the 
opposite sign to the trial lens power) was  
T = -1.25 - 1.02AS – 0.03AS2, r2 = 1.00 
Aberrations were measured for up to 8 D accommodation stimuli. Right eyes were 
dilated with one drop of 2.5% phenylephrine. The subject placed his/her head on the chin rest 
and fixated and accommodated to the target centre. The operator aligned the subject's pupil 
centre manually with the instrument optical axis. Two measurements were taken. As some 
subjects did not achieve a 6 mm pupil for the 6 D stimulus, aberration co-efficients were 
determined over a 5 mm pupil up to 6th order Zernike polynomials and averaged across the 
two runs. The data extracted from COAS-HD include Zernike aberration coefficients in the 
14 
Optical Society of America recommended format [28]. Accommodation was calculated from 
combining second–order, fourth–order and sixth–order symmetrical Zernike coefficients 
[29]. 
 
2.7 Auxiliary experiments with subject DAA 
 
Contact lenses 
 
To determine if contact lenses can influence the SCE in myopes, the SCE was measured with 
a +5 D contact lens, a -5 D contact lens and without a contact lens for 52 year old, 2.25 D 
myopic subject. The contact lenses used were spherical soft contact lenses with an optic zone 
diameter of 9 mm (CIBAVISION’s Freshlook UV). Pupil dilation was achieved with one 
drop of 1% cyclopentolate. A drop of 2.5 % phenylephrine was also used if required pupil 
size of 7 mm was not achieved. For each correction condition, two runs were taken, using 49 
points in a two–dimensional grid across a 6 mm pupil with 0.75 mm sampling intervals. 
Three measurements were taken at each pupil–entry location. Contact lens induced defocus 
was compensated with movement of the optical trombone prior to runs. In addition to these 
measurements, aberrations of the subject’s eye for 5 mm and 6 mm were measured using the 
COAS-HD Hartmann-Shack wavefront sensor (section 2.6).  
 
Defocus  
 
To investigate further whether aberrations can influence the SCE, we performed another 
experiment to measure the SCE in-focus and for defocus of 1 D hyperopic (negative) defocus 
and 1 D myopic (positive) defocus for a 52 year old subject. Defocus was induced by moving 
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the optical trombone (Figure 1a). Two runs each of 13 points in 0.50 mm sampling intervals 
along the horizontal meridian were performed. Three measurements were taken at each 
pupil-entry location. 
 
Alternative SCE measurement technique and defocus 
 
Because of the potential problem in interpreting changes in the SCE when there is defocus 
because of accommodation lag, we modified the SCE apparatus to minimize the influence of 
aberrations and defocus. Rather than the source with variable pupil entry image position and 
variable luminance being seen as a small spot on a much larger background provided by the 
fixed source, the relative sizes were swapped and the fixed source instead of the moving 
source was varied in luminance [30]. Blurring of a large background should have less 
influence on thresholds than the blurring of a small test spot.  
Figure 1c shows the modifications (compare with Figure 1a). Apertures A1 and A2 
were swapped and light source S1, rather than light source S2, was flashed. S2, L2 and A2 now 
formed the background channel, while S1, L1 and A1 formed the test channel. Both S1 and S2 
were limited by 1 mm apertures. The background field aperture A2 was translated as 
necessary during SCE measurements so that A1 always appeared in its centre.  
The luminance of the background target was approximately 16 cd/m2. The validity of 
the technique depended on the Weber equation  
∆L/L = constant 
holding across the range of effective background luminances as its pupil entry position 
varied. Increment threshold measurements conducted with the background source entering 
only through the pupil centre, but reduced in luminance by up to 4 times (0.6 log unit), 
showed that this was the case. 
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Two runs each of 13 points in 0.50 mm sampling intervals along the horizontal 
meridian were performed for in-focus, 1 D hypermetropic defocus and 1 D myopic defocus 
conditions.  
 
3. Results 
 
3.1 SCE for emmetropes and myopes 
 
Individual PowerRef II calibration functions for each subject were used to obtain 
accommodative responses from the measured slopes of pupil intensity gradient with the 
PowerRef II. Figure 3a shows data for emmetropic subjects, together with a “combined” 
calibration. Individual calibration functions were linear over the range of refractive errors 
from +6 to -4 D (r2 ranged from 0.97 to 1.0). Figure 3b shows calibration data for myopes, 
together with a “combined” calibration. Individual calibration functions for myopes were 
reasonably linear over the range of refractive errors from +6 to -4 D (r2 ranged from 0.88 to 
0.98). 
Figure 4 shows the mean accommodative responses of two runs against 
accommodative stimuli for each subject. Figure 4a shows results for emmetropes. They 
showed small leads of accommodation for lower stimuli and lag with the increase in stimulus 
(except LS). In general, they found the focusing task difficult for 6 D and 0 D, yet were able 
to perform well by taking a few short breaks during the experiment. Figure 4b shows results 
for myopes. The accommodative responses were more variable between the myopes than 
between the emmetropes and EK and PM could not accommodate well for 4 D and 6 D 
accommodative stimuli. Subject PM showed higher lag of accommodation than other 
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subjects, but reported that the target was clear and did not report any difficulty with the 
experiment. 
Figure 5 shows luminance thresholds as a function of pupil entry location for two 
emmetropic subjects EM and AM, along the horizontal meridian for 0 D and 6 D 
accommodation stimuli, with a) and b) showing data and c) and d) showing fits. The SCE 
functions are steeper for the 6 D than for the 0 D stimulus for both subjects 
Table 1 and Figure 6 show changes in ρx, ρy, xmax and ymax for emmetropic subjects as 
a function of accommodative response. The directionality fits showed positive slopes with 
increase in accommodation of +0.003 to +0.005 mm-2/D. There were no trends for peak 
position. 
Table 1 and Figure 7 show changes in ρx, ρy, xmax and ymax for myopic subjects as a 
function of accommodative response. For the group data, the directionality fits showed 
positive slopes with increase in accommodation, but these slopes were not significant. Only 
peak pupil position along the horizontal meridian (xmax) showed a significant change; this 
was in the temporal direction in the pupil with increasing accommodation (slope = -0.05 
mm/D). Analysing subjects individually, two subjects (EK and JP) showed significant 
increases in directionality in both horizontal and vertical meridians (p < 0.05) of +0.003 to 
+0.012 mm-2/D. 
Although SCE directionality changed significantly with accommodation for 
emmetropes but not for myopes with 6 mm pupils, the rates of change for both ρx and ρy with 
accommodation were similar in both groups (Table 1). Therefore, the data from both 
emmetropic and myopic groups for both pupil sizes were combined to determine the overall 
change in SCE with accommodation (Figure 8, Table 1 2nd last column). Both ρx and ρy 
increased significantly with increasing accommodation, but horizontal and vertical peak 
locations did not change significantly with accommodation. 
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3. 2 6 mm versus 5mm 
 
The last column of Table 1 shows the rates of changes for combined subjects with 5 mm - 
these results are similar to those for the 6 mm pupils. A similar analysis was found for the 
auxiliary experiments in section 3.5 – these showed that the changes in SCE directionality 
determined for a 5mm pupil were similar to those for a 6 mm pupil.  
 
 
3.3 SCE peak location by peak-finding technique  
 
Figure 9 shows SCE-peak position changes from 0 D and 6 D accommodation stimuli for 
five of the emmetropic subjects. Across the group, the peak shifts were small (all < 0.4 mm) 
and were not systematic. Only two subjects showed significant shifts (AK & AM). These 
significant shifts were in the same direction, but larger than those in the main experiment 
(AK +0.37 mm v +0.14 mm, AM -0.22 mm v -0.18 mm). This supports the main study which 
found no significant changes in peak of the SCE with accommodation for emmetropes 
(section 3.1). 
 
 3.4 Aberration measurements for emmetropes as a function of accommodation 
 
Figure 10 shows higher order root-mean-squared (RMS) aberrations as a function of 
accommodation response. Large individual variations occurred, but the higher order RMS 
increased significantly with accommodation (slope = +0.020 µm/D, r2 = 0.30, p < 0.05). 
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Spherical aberration coefficient 04C  decreased as accommodation increased and became 
negative for all the subjects (Figure 11). The rate of change of 04C was linearly related to the 
accommodative response for the subject group (slope = - 0.036 µm/D, r2 = 0.66).  
 
3.5 Auxiliary experiments with subject DAA - influence of contact-lense, aberrations, and 
defocus (accommodative lag) on the Stiles-Crawford effect 
 
Contact lenses 
 
Table 2 shows the two-dimensional SCE parameters for subject DAA as influenced by 
wearing +5 D and -5 D contact lenses. The directionality increased considerably with the +5 
D lens (about 55 %), but only slightly with the -5 D lens (about 12%), relative to the no 
contact lens condition. The SCE peak shifted slightly temporally with both contact lenses 
relative to the no contact lens condition. The results indicate that while contact lenses can 
influence SCE measurements, this influence is likely to be small for the negative power 
lenses used in the main study. As we were interested in comparing changes in SCE with 
accommodation and whether this was different in myopes than in emmetropes (section 3.1), 
the effect of negative contact lenses was not considered critical.  
 
Aberrations 
 
Table 3 shows higher order RMS and spherical aberration coefficients [28] for 6 mm and 5 
mm pupils, with and without the contact lenses. The higher order RMS and spherical 
aberrations were about 3 times higher with the +5 D contact lens than with the -5 D contact 
lens or without a contact lens for both pupil sizes. This shows that the positive contact lens 
20 
increases the higher order aberrations, and particularly spherical aberration, in the eye, but 
that the negative lenses have little effect.  
 
 
Defocus and SCE obtained with main apparatus and with alternative method  
 
Table 4 shows one-dimensional SCE parameters for the experiment in which the SCE was 
determined in-focus as compared with defocus of 1 D hyperopic (negative) defocus and 1 D 
myopic (positive) defocus for subject DAA. Using the main apparatus, the SCE directionality 
increased for myopic defocus and decreased for hypermetropic defocus relative to the in-
focus condition by 14 % and 21 %, respectively. The increase in SCE directionality (21%) 
with positive defocus found with the main apparatus does not occur with the modified 
apparatus, for which there was a 13% decrease. 
 
4. Discussion 
 
We investigated changes in the foveal SCE with increase in accommodation stimuli using 
psychophysical techniques. For a group of 6 emmetropes, we found significant increase in 
SCE directionality in both horizontal and vertical meridians with increase in accommodation 
for 6 mm pupils (Figure 6). For 6 myopes, the SCE directionality did not change significantly 
with accommodation along either horizontal or vertical meridian for 6 mm pupils (Figure 7). 
Combining groups, we obtained increase in horizontal directionality ∆ρx of +0.003 mm-2/D 
and increase in vertical directionality ∆ρy of = +0.005 mm-2/D, corresponding to a modest 15 
- 25 % increase in directionality at 6 D accommodation (Figure 8). 
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For the emmetropic group, there were no significant changes in SCE peak position 
with increase in accommodation. However, the myopic group xmax changed significantly at a 
rate of -0.05 mm/D, corresponding to -0.3 mm for 6 D accommodation, but overall there was 
no significant shift in peak location (Figure 8) for the whole group in either x or y directions. 
An auxiliary experiment with a group of 5 emmetropes showed no systematic change in peak 
position in the horizontal meridian (Figure 9). Although two of five subjects showed 
significant shifts of the horizontal component of the peak with a 6D accommodation 
stimulus, these were less than 0.4 mm. 
 The auxiliary experiments reported in section 3.5, together with the aberration 
measurements, indicate that aberrations of the eye may influence the SCE, particularly when 
acting in the same direction as any defocus. This occurred for DAA when positive spherical 
aberration (Table 2) combined with positive defocus (Table 3). With accommodation, 
spherical aberration shows much greater changes than other aberrations, and changes 
systemically so that it usually becomes negative at 1–3 D of accommodation (Figure 11) [31-
33]. Small accommodative lags for higher accommodation levels can add to the influence of 
negative spherical aberration and contribute to increased thresholds at the pupil periphery and 
increasing directionality of the SCE.  
An experiment was conducted in section 3.5 in which the potential influence of 
aberrations was reduced by having the background provide the stimulus that moved across 
the pupil rather than the small test field. This reduced the influence of defocus on the SCE 
(Table 4). Unfortunately, this modified apparatus could not be used for the main SCE 
experiment because the 1 mm image of the light source on the eye would give large depth of 
focus and result in the target depth providing a poor stimulus to accommodation. If the 
source (and its image) were increased in size, detail of the background stimulus would 
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become affected by aberrations at high pupil entry positions; this could also influence the 
accommodation. 
The finding that  the SCE peak sensitivity changed little and not systematically with 
accommodation for up to 6 D accommodation stimulus, conflicts with Blank et al. [23] who 
found a substantial nasal shift of up to 1.5 mm with 9 D accommodation stimulus in three 
subjects. Blank et al. used high-power soft contact-lens to help stimulate accommodation 
whereas we used an optical trombone. The auxiliary study reported in section 3.5 showed 
that contact lenses can change the SCE (although this would seem to be more marked for 
positive than negative lenses), so it is possible that the high power lenses might have caused 
artefactual changes in the earlier study, particularly if they were not well centred.  
Alternately, Blank et al.’s 9 D stimulus would have been more effective than a 6 D stimulus 
in causing peak shifts if horizontal retinal stretching really occurs in accommodation. 
 In conclusion, the modest changes found in the SCE with accommodation, together 
with the concern about the problems concerned about aberrational influences and 
accommodation lag, lead us to conclude that the effects of accommodation on the SCE are 
small. This does not mean that substantial changes might not take place at very high levels of 
accommodation. 
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Tables 
 
Table 1. Comparison of rates of changes in ρx, ρy, xmax and ymax with accommodation for 
emmetropes, myopes and their combined data. * 0.01 < p < 0.05, ** p < 0.01. 
 
Slopes Emmetropes 
(6 mm pupil) 
Myopes  
(6 mm pupil) 
Combined  
(6 mm pupil) 
Combined  
(5 mm pupil) 
ρx (mm-2/D) +0.003* +0.004 +0.003** +0.004* 
ρy (mm-2/D) +0.005** +0.004 +0.005** +0.005** 
xmax (mm/D) +0.006 -0.054* +0.006 -0.007 
ymax (mm/D) -0.003 -0.039 -0.017 +0.012 
 
 
Table 2. Mean directionality (ρx, ρy) and peak locations (xmax, ymax) for two SCE  runs with a  
6 mm pupil for no contact lens, +5 D contact lens and -5 D contact lens conditions 
for subject DAA. The second entry in each cell is the difference between two runs. 
 
 ρx (mm-2) xmax (mm) ρy (mm-2) ymax (mm) 
No CL 0.145, 0.001 -0.05, 0.03 0.106, 0.007 -0.57, 0.03 
-5D CL 0.157, 0.002 -0.35, 0.08 0.123, 0.020 -0.70, 0.21 
+5D CL 0.216, 0.014 -0.26, 0.11 0.171, 0.041 -0.40, 0.23 
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Table 3. Higher order root-mean-square aberration (HO RMS) and spherical aberration 
coefficient 04C of right eye of subject DAA for 6 mm and 5 mm pupil sizes, without and with 
+5 D and – 5 D contact lenses. SD represents the standard deviation of three measurements. 
 
 No CL±SD +5 D CL±SD -5 D CL±SD 
HO RMS (µm) – 6 mm pupil 0.28±0.01 0.85±0.07 0.23±0.03 
0
4C  (µm) – 6 mm pupil +0.19±0.01 +0.59±0.01 +0.11±0.02 
HO RMS (µm) – 5 mm pupil 0.12±0.01 0.38±0.08 0.15±0.01 
0
4C  (µm) – 5 mm pupil +0.05±0.00 +0.25±0.02 +0.03±0.03 
 
Table 4. Mean directionality (ρx, ρy) and peak locations (xmax, ymax) for two SCE runs with a 6 
mm pupil for in-focus, 1 D hyperopic defocus and 1 D myopic defocus conditions for subject 
DAA. The second entry in each cell is the difference between two runs. 
 Main apparatus Alternative method 
 ρx (mm-2) xmax (mm) ρx (mm-2) xmax (mm) 
In-focus 0.132, 0.011 -0.32, 0.06 0.107, 0.016 +0.05, 0.07 
Hypermetropic defocus 0.116, 0.006 -0.10, 0.39 0.088, 0.010 -0.07, 0.10 
Myopic defocus 0.164, 0.026 -0.26, 0.09 0.093, 0.001 -0.16, 0.19 
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Figure Captions  
 
Figure 1. a) Two-channel Maxwellian view apparatus for measuring the Stiles-Crawford 
effect. S1, S2 are light sources; L1, L2 are 100 mm focal length lenses; L3, L4 are 200 mm 
focal length relay lenses; L5 is a 100 mm focal length Badal lens; BS1, BS2 are beam splitters; 
M1 is a front surface mirror; M2, M3, M4 and M5 are reflecting right angle prisms forming the 
optical trombone; H is a hot mirror; VC is a video camera; Mo is a monitor. Inset A shows 
apertures A1 and A2, and inset B shows the subject’s view.  
b) Modified apparatus for measuring the peak of the Stiles-Crawford effect showing the 
apertures of source S2, apertures A1 and A2, and the subject’s view.   
c) Modified apparatus for measuring the Stiles-Crawford effect, from sources to the 
combining of the two channels, for measuring the Stiles-Crawford effect. Inset A shows 
apertures A1 and A2 and inset B shows the subject’s view.   
 
Figure 2. Calibration of the PowerRef II. See text for details. 
 
Figure 3. Relationship between PowerRef II measured refraction and trial lens induced 
refraction for a) 6 emmetropes and b) 6 myopes. Individual calibration functions were 
obtained for each subject by fitting linear regressions to the data of each subject (not shown). 
A linear regression is given for the cumulative data for each group (line shown) to 
demonstrate overall linear relation between induced refraction and PowerRef II measured 
refraction. 
 
Figure 4. Accommodative response as a function of accommodative stimulus in main 
experiment for a) emmetropes and b) myopes.  Each subject is represented by a different 
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symbol. For clarity, variability between the two runs is not shown. The dotted line is the ideal 
1:1 relationship. 
 
Figure 5. SCE results for subjects EM and AM for 0 D and 6 D accommodative stimuli along 
the horizontal meridian. (a) and (b) are raw thresholds, and (c) and (d) are 6mm pupil fits. 
The 6 D accommodation fits have been shifted vertically so that the “peaks” for 0 D and 6 D 
curves coincide.  
 
Figure 6. Changes in (a) ρx, (b) ρy, (c) xc and (d) yc as a function of accommodative response 
for emmetropes. The change in a parameter for a particular subject, accommodation stimulus 
and run was obtained by subtracting the parameter value, at the least accommodative 
response for that subject, from the parameter. Results from two runs are shown. For subject 
LS, data for 8 D accommodation stimuli were included in the analysis. Pupil size is 6 mm. 
Different subjects are represented by different symbols. Solid lines are linear regressions.  
 
Figure 7. Changes in (a) ρx, (b) ρy, (c) xc and (d) yc as a function of accommodative response 
for myopes. For subject EK, data for 8 D accommodation stimuli were included in the 
analysis. Other details are as for Figure 6.  
 
Figure 8. Changes in (a) ρx, (b) ρy, (c) xc and (d) yc as a function of accommodative response 
for combined emmetropes and myopes. Pupil size is 6 mm. Emmetropes and myopes are 
represented by different symbols. Solid lines are linear regressionss. 
 
Figure 9. SCE peak pupil location shifts from 0 D to 6 D accommodative stimuli for peak 
finding technique and 5 emmetropes. Error bars show 95% confidence intervals. 
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Figure 10. Higher-order root-mean-squared aberration as a function of accommodation 
response for six emmetropes with the COAS-HD. 5 mm pupil. Each data point is the average 
of two measurements. The line is the linear regression. 
 
Figure 11. Spherical aberration coefficients 04C  as a function of accommodation response for 
six emmetropes with the COAS-HD. 5 mm pupil. Each data point is the average of two 
measurements. The line is the linear regression.  
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11  
 
Accommodation response (D)
-2 0 2 4 6 8 10
Sp
he
ric
al
 
ab
er
ra
tio
n
 
( µµ µµm
)
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
AM
NS 
LS
EM
AK
ST
y = -0.036x + 0.020, r² = 0.66;
p < 0.0001
 
 
37 
References  
 
[1] Stiles, W.S.; Crawford, B.H. Proc. Roy. Soc. Lond. B. 1933, 112, 428-450. 
[2] Atchison, D.A.; Scott, D.H. Vision Res. 2002, 42, 1559-1569. 
[3] Atchison, D.A.; Marcos, S.; Scott, D.H. Vision Res. 2003, 43, 659-668. 
[4] Atchison, D.A.; Scott, D.H.; Strang, N.C.; Artal, P. J. Opt. Soc. Am. A. 2002, 19, 
1073-1083. 
[5] Applegate, R.A.; Lakshminarayanan, V. J. Opt. Soc. Am. A. 1993, 10, 1611-1623. 
[6] Dunnewold, C.J.W. Stiles-Crawford effects and their clinical importance. PhD, 
Rijksuniversiteit te Utrecht, 1964. 
[7] Burns, S.A.; Wu, S.; Delori, F.; Elsner, A.E. J. Opt. Soc. Am. A. 1995, 12, 2329-2338. 
[8] Gorrand, J.-M.; Delori, F. Vision Res. 1995, 35, 999-1010. 
[9] He, J.C.; Marcos, S.; Burns, S.A. J. Opt. Soc. Am. A. 1999, 16, 2363-2369. 
[10] Roorda, A.; Williams, D. J. Vis. 2002, 2, 404-412. 
[11] Stiles, W.S. Proc. Roy. Soc. Lond. B. 1939, 127, 64-105. 
[12] Van Loo, J.A.; Enoch, J.M. Vision Res. 1974, 15, 1005-1009. 
[13] Crawford, B.H. Proc. Roy. Soc. Lond. B. 1937, 124, 81-96. 
[14] Enoch, J.M.; Stiles, W.S. Acta Ophthalmol. 1961, 8, 329-358. 
[15] Enoch, J.M.; Hope, G.M. Invest. Ophthalmol. 1973, 12, 497-503. 
[16] Bedell, H.E.; Enoch, J.M. J. Opt. Soc. Am. 1979, 69, 435-442. 
[17] Choi, S.S.; Garner, L.F.; Enoch, J.M. Ophthal. Physiol. Opt. 2003, 23, 465-472. 
[18] Bailey, J.E.; Lakshminarayanan, V.; Enoch, J.M. Optom. Vis. Sci. 1994, 71, 120-124. 
[19] Enoch, J.M.; Lakshminarayanan, V. Retinal fibre optics. In Visual Optics and 
Instrumentation: Charman, W.N., Ed.; MacMillan Press: Basingstoke, UK, 1991; 
280-309. 
38 
[20] Lakshminarayanan, V.; Bailey, J.E.; Enoch, J.M. Optom. Vis. Sci. 1997, 74, 1011-
1018. 
[21] Blank, K.; Enoch, J.M. Science. 1973, 182, 393-395. 
[22] Hollins, M. Nature. 1974, 251, 729-730. 
[23] Blank, K.; Provine, R.R.; Enoch, J.M. Vision Res. 1975, 15, 499-507. 
[24] Kinge, B.; Midelfart, A.; Jacobsen, G.; Rystad, J. Acta Ophthalmol. Scand. 1999, 77, 
648-652. 
[25] Choi, S.S.; Enoch, J.M.; Kono, M. Ophthal. Physiol. Opt. 2004, 24, 194-206. 
[26] Schaeffel, F.; Wilhelm, H.; Zrenner, E. J. Physiol. 1993, 461, 301-320. 
[27] Atchison, D.A. Clin. Exp. Optom. 2005, 88, 5-27. 
[28] American National Standards Institute. American National Standard for Ophthalmics 
- Methods for reporting optical aberrations of the eye ANSI Z80.28-2004. 
[29] Atchison, D.A. Clin. Exp. Optom. 2004, 87, 138-148. 
[30] Enoch, J.M.; Hope, G.M. Invest. Ophthalmol. 1972, 11, 765-782. 
[31] Cheng, H.; Barnett, J.K.; Vilupuru, A.S.; Marsack, J.D.; Kasthurirangan, S.; 
Applegate, R.A.; Roorda, A. J. Vis. 2004, 4, 272-280. 
[32] Ninomiya, S.; Fujikado, T.; Kuroda, T.; Maeda, N.; Tano, Y.; Oshika, T.; Hirohara, 
Y.; Mihashi, T. Am. J. Ophthalmol. 2002, 134, 924-926. 
[33] Plainis, S.; Ginis, H.S.; Pallikaris, A. J. Vis. 2005, 5, 466-477. 
 
 
 
